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In this study, Chinese Fir was impregnated with unsaturated polyester resin to enhance its properties.
Samples 20 mm  20 mm  20 mm in size were split into different sections with epoxy resin and tinfoil
and subjected to an impregnation experiment under various parameters. Vacuum degree was 0.04 MPa,
0.06 MPa or 0.08 MPa and vacuum duration was 15 min, 30 min, or 45 min. The results indicated that
impregnation weight percent gain is linearly dependent on curing weight percent gain. Vacuum duration
appears to have less influence on the curing weight percent gain than vacuum degree, and impregnation
was most successful at the transverse section compared to other sections. The optimal impregnation
parameters were 30 min modification under 0.08 MPa vacuum followed by 120 min at atmospheric
pressure for samples 200 mm  100 mm  20 mm in size. Uneven distribution of weight percent gain
and cracking during the curing process suggested that 30 min post-processing at 0.09 MPa vacuum
was the most effective way to complete the impregnation process. The sample’s bending strength and
modulus of elasticity increased after impregnation treatment. Bending strength after impregnation with-
out post-processing reached 112.85%, but reached 71.65% with vacuum-processing; modulus of elasticity
improved 67.13% and 58.28% without and with post-processing, respectively.
 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
As one of the most common fast-growing tree species in China,
Chinese Fir is an important potential solution to the problematic
shortage of wood resources. A kind of softwood, however, it exhi-
bits several drawbacks which limit its practical application [1]. A
number of modification technologies have been proposed to
enhance the physical, chemical, and biological properties of the
wood, such as heat or pressure treatment, surface coating, or
impregnation with reactive materials [2,3]. Among the available
modification methods, chemical impregnation under vacuum or
pressure may be the best way to improve the specific properties
of the wood cell wall material [2]. Curing the wood with resins
appears to be especially beneficial.
Unsaturated polyester resin (UPR) is a popular thermosetting
material [4] generally prepared from a saturated acid and an unsat-
urated acid condensed with dihydric alcohols, which forms a three
dimensional structure via cross linking with a vinyl monomer [5,6].
It can be used either as pure resin or with fillers, or reinforced,
respectively [6]. As a reactive material, unsaturated polyester resinhas been shown to effectively enhance wood performance [3] and
prolong the service life of wood for several years [7]. Mechanical
loss is a drawback to impregnation modification in general [8],
but less so when utilizing UPR.
In this study, a general-grade UPR was prepared in our labora-
tory, which is prepared from 1,2-propylene glycol (PG), maleic
anhydride (MA), and phthalic anhydride (PA) [4]. The primary goal
was to establish an impregnation techniquewell-suited to themod-
ification of Chinese Fir. Fir samples 200 mm  100 mm  20 mm in
size was used, as per the typical dimensions of impregnation speci-
mens, and partitioned them in order to observe the relationship
among elements distributed within the different partitions. Finite
element analysis [9,10] and mathematical analysis were utilized
to split the samples into 50 impregnation elements (each
20 mm  20 mm  20 mm in size) which ultimately fell into four
distinct categories, as discussed below.
Materials and methods
Materials
The specimens for this study were prepared from three-year-
cut, fast-growing Chinese Fir (Cunninghamia lanceolata (Lamb.)
544 Q. Ma et al. / Results in Physics 6 (2016) 543–548Hook). The logs were cut from a forest in Guangxi Province, China,
with diameter at breast height of 30–40 cm and age of
20–25 years. The logs were sawn into planks, and air-dried to
12–13% moisture content, then the sapwood near the butt portion
was processed into samples. The test wood was of an average abso-
lute dry density of 0.33 g/cm3 and porosity of approximately
77.62%. (For details of the Computational Method, refer to Siau’s
1984 study [11]).
As mentioned above, the modifier used in this study was a
homemade, general-grade UPR, comprised of 1,2-propylene glycol
(PG), maleic anhydride (MA) and phthalic anhydride (PA) synthetic
materials [4] as well as styrene as a final cross-linking agent. The
average molecular weight of the homemade UPR is shown in
Table 1.
Methods
Dimensions of the impregnation specimens
The dimensions of the impregnation specimen for performance
measurement was 200 mm long by 100 mm wide by 20 mm thick,
as shown in Fig. 1(I). To determine the optimal impregnation pro-
cess parameters for the UPR into Chinese Fir blocks of this size,
impregnation was processed with this size in general [12–16]
and various parameters were set and tested the consumption of
the resin and the blocks accordingly through repeated screening
experiments. The results indicated that the impregnation process
needed to be simplified, which is the method by building anTable 1
Average molecular weight of the experimental UPR.
Mn Mw Mz Mz + 1
UPR 1189 1377 1663 2056
Mn: number-average molecular weight; Mw: weight-average molecular weigh
Fig. 1. Element partition and claanalogy with mesh via finite element analysis [9,10] followed by
mathematical analysis.
When the impregnation process was conducted on the ‘‘big”
(200 mm  100 mm  20 mm) block, there were six impregnation
directions for UPR as shown in Fig. 1(I). Due to the regular shape of
the impregnation specimen, this created fifty smaller samples (or
‘‘elements”) 20 mm  20 mm  20 mm in size; the corresponding
mesh is shown in Fig. 1(II). Wood is a highly anisotropic material
[17], so the elements themselves featured notable differences in
structure [18], as well as mechanical properties. The mechanical
property particularly affected in this case, permeability, is mainly
influenced by fiber orientation [17,19]. Combining the location of
the elements on the specimens, the corresponding impregnation
section, and the fiber orientation of the impregnation section, it
can be divided into four types of elements which are depicted in
Fig. 1(III); the distinct impregnation section and fiber orientation
are depicted in Fig. 1(IV).
Element (a) was comprised of four impregnation sections: one
transverse section, two tangential sections, and one radial section.
Elements (b) and (c) were comprised of only three impregnation
sections: two tangential sections and a radial section (b) or trans-
verse section (c). Element (d) was comprised of only two tangential
sections.
Experimental methods
The UPR thermosetting resin was first utilized to treat the ele-
ment blocks via vacuum impregnation with various parametersPolydispersity Mz/Mw Mz + 1/Mw
1.157472 1.208365 1.493613
t; Mz: Z-average molecular weight.
ssification of the specimen.
Table 2
Impregnation experiment parameters.
Iteration
1 2 3
Vacuum degree 0.04 MPa 0.06 MPa 0.08 MPa
Vacuum duration 15 min 30 min 45 min
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There were nine replications run in total to complete the full-
factor experiment. The vacuum duration began from the vacuum
degree and was run until reaching the target value.
Before the impregnation process, the elements were subjected
to surface treatment. Different impregnation sections, in regard
to both amount and direction, were treated corresponding to the
different locations of elements. Closed sections of each of the four
elements were blocked with epoxy resin and tinfoil, oven-dried at
103 C for 8 h, then oven-dried once more at 80 C for 6 h after the
epoxy resin cured. The weight (W0) was then measured just prior
to vacuum impregnation. The samples were then submerged in
the modifier and subjected to vacuum treatment. The samples
were impregnated in UPR for two more hours at atmospheric pres-
sure after a 30 min vacuum duration, then the surface residues
were removed and impregnation weight (W1) was measured.
Samples impregnated with UPR were not cured straight
through the previous step but instead during a 48-h repose. The
impregnated samples were cured at 80 C for 6 h and 103 C for
8 h, then their curing weight (W2) was measured; impregnation
weight percent gain (WPG1) and curing weight percent gain
(WPG2) were determined via Eqs. (1) and (2), respectively.
WPG1 ¼ ðW1 W0Þ=W0  100% ð1ÞFig. 2. Correlation between impregnation weight percent gain and curing weight
percent gain.WPG2 ¼ ðW2 W0Þ=W0  100% ð2Þ
The impregnation method for the subsequent experiments was
determined according to these results through variance analysis.
After selecting the appropriate method, 200 mm  100 mm 
20 mm samples were impregnated as follows. The samples were
cured and then sawn into smaller blocks according to the distribu-
tion of the elements shown in Fig. 1(II) to obtain the distribution of
the curing weight percent gain. Density was measured first accord-
ing to the weighed mass and the volume determined via the drai-
nage method.
Although the 200 mm  100 mm  20 mm samples exhibited
favorable impregnation weight percent gain when impregnated
via the selected process, the curing process remained uncertain;
it was found that the impregnated samples cracked easily during
the curing process. To homogenize the weight percent gain of the
‘‘big” samples appropriately, a post-processing technique under a
vacuum 0.09 MPa for 30 min was added during which the sam-
ples were not submerged in the modifier.
The 300 mm  20 mm  20 mm samples was impregnated both
with and without post-processing, then measured their respective
bending strength and modulus of elasticity according to Chinese
standard ISO [20,21]. All the samples were measured under the
conditions of equilibrium moisture content of 12%, 20 C tempera-
ture and 65% relative humidity to constant weight.
The bending strength of the samples was tested with a mechan-
ical testing machine. The testing speed of the indenter was set to
5 mm/min. The strength rbw was calculated with Eq. (3). Three
replicate specimens of each group were tested.
The modulus of elasticity of the samples was also tested with a
mechanical testing machine at indenter speed of 3 mm/min. After
determining the difference of the load bound based on the linear
relationship of the load-deformation diagram, the modulus ofelasticity Ew was calculated with the Eq. (4). Again, three replicate
specimens of each group were tested.
rbw ¼ ð3PmaxlÞ=ð2bh2Þ ð3Þ
Ew ¼ ð23Pl3Þ=ð108bh3f Þ ð4Þ
where Pmax is the fracture load (N), l is the span between the two
supporting seats (mm), b is the width of specimen (mm), h is the
height of the specimen (mm), P is the difference in the load bound
based on the linear relationship, and f is the deformation of the load
bound based on the linear relationship.Results and discussion
Effects of various vacuum degrees and durations to various elements
The impregnation weight percent gains (WPG1) and curing
weight percent gains (WPG2) were calculated for all four elements
across nine 9 experiments. Because these properties are short-
term, the impregnation weight percent gain was of less importance
than the curing weight percent gain. The two weight percent gain
values are linearly dependent – nearly proportional, in fact – as is
shown in Fig. 2. Accordingly, the subsequent analysis of the various
vacuum degrees and durations in terms of the weight percent gain
was mainly focused on the curing weight percent gains (WPG2).
As mentioned above, nine experiments were run with various
vacuum degrees and durations on the four kinds of fast-growing
Chinese Fir elements. The resulting variance analysis for the curing
weight percent gains (WPG2) is provided in Table 3.
As shown in Table 3, compared to duration, vacuum degree
exerted a far greater impact on the curing weight percent gain
especially to Element (a) and Element (c). The shared characteristic
of these two elements was the transverse impregnation section, so
it is reasonable to infer that vacuum degree had more significant
influence on the transverse section than the tangential or radial
sections. This observation can also be attributed to the fact that
the longitudinal permeability of softwoods is much greater than
the transverse permeability [11]. For samples with certain section
orientation, vacuum degree can be controlled to result in excellent
permeability. The external vacuum contributes to pressure gradi-
ents in the wood [22], and samples with good permeability better
Table 3
Variance analysis of curing weight percent gains (four types of elements).
Sum of squares df Mean square F Sig.
Element (a) Vacuum degree 2.321 2 1.161 39.586 0.000
Duration 0.110 2 0.050 0.185 0.832
Element (b) Vacuum degree 0.093 2 0.046 2.719 0.080
Duration 0.003 2 0.001 0.076 0.927
Element (c) Vacuum degree 2.506 2 1.251 125.485 0.000
Duration 0.043 2 0.022 2.159 0.130
Element (d) Vacuum degree 0.022 2 0.011 1.292 0.287
Duration 0.032 2 0.016 1.944 0.158
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increase in vacuum degree was more beneficial to the pressure gra-
dient than an increase in vacuum duration. The function of vacuum
duration was fairly negligible, especially for samples with good
permeability. This can be attributed to the favorable impregnation
efficiency facilitated by appropriate vacuum degree having
ensured favorable permeability.
Impregnation method selection
Again, vacuum degree exerted greater influence on the curing
weight percent gain after impregnation than vacuum duration, so
the next step to attempt was to ensure similar curing weight per-
cent gain with the briefest vacuum duration possible.
An appropriate weight percent gain is a guarantee of favorable
properties in the modified material, thus, the experiments were
aimed to sink an impregnation method that resulted in high curing
weight percent gain. Among the four types of elements, Element
(a) exhibited the maximum weight percent gain followed by Ele-
ment (c). The UPR distribution in these two elements was similar,
as well; the modifier nearly penetrated both. When the two ele-
ments were returned to the big sample, nearby Elements (b) and
(d) naturally transformed into Elements (a) and (c); this made
the UPR distribution in the big sample relatively more homoge-
neous than the UPR distribution in the individual elements.
As shown in Fig. 3, a stepwise improvement was observed in
average curing weight percent gain which further implied that vac-
uum duration had little influence on the resulting properties of the
sample. The final three tested impregnation methods (vacuum
degree of -0.08 MPa) were preferable in regard to the curingFig. 3. Average curing weight percent gain of the four elements among nine
impregnation methods.weight percent gain, but the respective influence of these three
methods on the four elements was inconsistent. Lengthier duration
did not, per the expectations, result in high curing weight percent
gain, so Method 9 was excluded from further analysis. Method 8
resulted in better impregnation effect than Method 7, so Method
8 (impregnation under 0.09 MPa for 30 min followed by
120 min at atmospheric pressure) was employed for subsequent
experiments.Curing weight percent gain distribution of the samples
Samples 200 mm  100 mm  20 mm in size were impregnated
with a pre-determined initial weight to measure only the curing
weight percent gains of the whole blocks. According to the respec-
tive WPG2 values of the different elements, the distribution of the
curing weight percent gain on the samples was expectedly inho-
mogeneous. To determine the distribution on the whole breadth
of the sample, the sample was split into smaller blocks approxi-
mately 20 mm  20 mm  20 mm in size again. Because the initial
weights of these blocks were unknown, the relationship between
their density and curing weight percent gain was ascertained
based on the smaller blocks observed in previous experiments.
The epoxy resin and tinfoil that were used to block the impregna-
tion process were removed prior to measuring the small samples’
weights and volumes via water displacement method.
The relationship between the curing weight percent gain and
the density (D) of the samples is shown in Fig. 4. It was found that
density was linearly associated with curing weight percent gainFig. 4. Relationship between curing weight percent gain and density of the
samples.
Fig. 7. Bending strength and modulus of elasticity of samples with different
impregnation processes.
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sawn blocks was calculated with the Eq. (5).
WPG2 ¼ ðD 0:32814Þ=0:00416 100% ð5Þ
The distribution of the curing weight percent gain of the sam-
ples was uneven, as shown in Fig. 5; curing weight percent gain
decreased gradually as the distance from the transverse section
increased. The lower end in Fig. 5(II) can be attributed to outflow
of the resin from the sample during the curing process. This cre-
ated non-uniform distribution of the properties of the modified
wood as well as severe end cracking during the curing process,
which necessitated post-processing to reduce and homogenize
the weight percent gain.
Vacuum processing can be utilized to extract a portion of the
modifier in the cell lumen, so a post vacuum processing of
0.09 MPa for 30 min was added to reduce the risk of cracking in
the proposed impregnation technique.
It should be noted that because of the differences of the samples
themselves, the weight percent gains of the two test groups were
not identical but did have the same magnitude (i.e., comparison of
the two groups was still reasonable). The distribution of the curing
weight percent gain of the sampleswith post-processingwas shown
in Fig. 6. The curingweight percent gain of the sample endswas still
higher than the inner parts after post-processing, but the homo-
geneity of the samples was improved significantly and there was
no cracking in the sample. By comparison among the distributions
shown in Figs. 5 and 6, plus the curing results, it was determined
that the optimum impregnation process included a vacuum degree
of 0.08 MPa for 30 min followed by 120 min at atmospheric pres-
sure under themodifier, thenpost-processingwith a vacuumdegree
of 0.09 MPa for 30 min without the modifier.Fig. 5. Distribution of curing weight percent ga
Fig. 6. Distribution of curing weight percModification effect on bending strength and modulus of elasticity
Bending strength and modulus of elasticity are two important
properties of wood materials that are likewise affected by different
modification methods [23–25]. Fig. 7 shows the average bending
strength and modulus of elasticity of the three impregnation states
tested in histogram form; the error bars are also marked.
It was found that both the bending strength and modulus of
elasticity of the samples increased significantly with the two mod-
ification methods it was used – especially for samples impregnatedin of the samples without post-processing.
ent gain of post-processed samples.
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came with greater volatility. Compared to the non-impregnated
samples, the bending strength of the samples impregnated without
post-processing increased by 112.85%; the improvement after
impregnation with post-processing was 71.65%. There was less dif-
ference in terms of modulus of elasticity, with improvements of
67.13% and 58.28%, respectively. Although theeffects of the impreg-
nation without post-processing were better, the deviations were
larger. The curingweightpercent gainof Sample (c)was greater than
that of Sample (b), but thehomogeneity of thedistributionof Sample
(b) was better. The homogeneity of UPR distribution, which is also
directly related to thestability (i.e., performance)of the impregnated
wood, was better in the post-processed sample as well.Conclusion
The most notable conclusions of this study can be summarized
as follows.
1 Impregnation weight percent gain is linearly dependent upon
curing weight percent gain. Vacuum degree exerted greater
effect on the curing weight percent gain (and thus the impreg-
nated weight percent gain) than vacuum duration. Elements
with transverse sections manifested greater curing weight per-
cent gain and were affected more by vacuum degree than ele-
ments with other sections.
2 The optimal modification process included impregnation at
0.08 MPa vacuum for 30 min, 120 min at atmospheric pres-
sure with submersion in the modifier, and post-processing
under a 0.09 MPa vacuum for 30 min without the modifier.
The distribution of the curing weight percent gain in post-
processed samples was optimal compared to samples that were
not post-processed.
3 The impregnation modification facilitated substantial increase
in bending strength andmodulus of elasticity; the improvement
was greater without vacuum processing than that with post-
processing (112.85% increase in bending strength without
post-processing; 71.65% increase with post-processing). Modu-
lus of elasticity improved to approximately equal extent without
or with vacuum treatment (67.13% and 58.28%, respectively).Acknowledgements
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